A dual-band on-body antenna for a wireless body area network repeater system is proposed. The designed dual-band antenna has the maximum radiation directed toward the inside of the human body in the medical implantable communication service (MICS) band in order to collect vital information from the human body and directed toward the outside in the industrial, scientific, and medical (ISM) band to transmit that information to a monitoring system. In addition, the return loss property of the antenna is insensitive to human body effects by utilizing the epsilon negative zeroth-order resonance property.
Introduction
Recently, there has been increasing interest in wireless body area network (WBAN) systems for a variety of applications such as biomedical, military, and commercial services. Especially in biomedical applications, in order to monitor a patient's health status, an implanted device needs to collect various physiological data and wirelessly transmit the information to external medical devices in real time [1] .
However, they have a short transmission range due to the low radiation efficiency and the effective radiated power (ERP) regulation of 25 μW. This limitation demonstrates the necessity of a dual-band on-body repeater antenna to deliver weak signals from implanted devices to external devices. In addition, antenna performance is significantly affected by body tissues due to the high dielectric constant and conductivity at the microwave frequency band. Also, the input impedance and resonance frequency cannot be changed, but the gain and radiation efficiency of an antenna can also be deteriorated when an antenna is operated on or in a body. In order to be insensitive to the human body effect, compact zeroth-order resonance (ZOR) antennas for implantable and wearable WBAN systems were proposed in [2, 3] . Additionally, to protect the human body from radio wave exposure, the structure of the antennas for WBAN must have a low specific absorption rate (SAR) [4] .
In this paper, we present a novel on-body antenna for a WBAN repeater system. The proposed antenna has a dual-band property that covers the industrial, scientific, and medical (ISM) bands and the medical implantable communication service (MICS) band. Also, the return loss of the antenna is insensitive to human body effects, and the radiation pattern of the antenna is suitable for a repeater system. The antenna structure is designed and analyzed using FEM-based commercial software ANSYS HFSS v.14.0.0 [5] . A semisolid human body phantom is used for verification of the performance of the antenna both numerically and experimentally.
Antenna Design
Figures 1(a) and 1(b) show the layout of the proposed antenna for a WBAN repeater system. The proposed antenna has the dimensions of 40 mm × 40 mm × 1.6 mm, and a FR-4 dielectric with a relative permittivity of 4.4 is used as a substrate.
The antenna is comprised of a top patch fed by a microstrip line and a bottom patch fed through via connecting top and bottom patches. The top patch is used to suppress the radiation towards the outside of the body in the MICS band and transmit signals to external devices in the ISM band. The bottom patch is designed to communicate with the implanted devices in the MICS band and to reduce the human body effects of the ISM band. The bottom patch is fed by using a via at the center of the top patch, and a chip inductor with a value of 100 nH is mounted between the bottom patch and the ground plane to realize epsilon negative (ENG) ZOR. The gap between the bottom patch and the ground plane can be modeled as the shunt capacitance (C R ), and the chip inductor can be modeled as a shunt inductor (L L ). The ZOR frequency from the above circuit description can be found using:
where ω 0 is the ZOR frequency [6] . By adopting the large inductance of the chip component, the bottom patch can still have a compact size (0.019λ 0 × 0.0094λ 0 ) that is even smaller than the top patch. This allows a reduction in the off-body side radiation in the MICS band.
For a numerical simulation of the antenna, a homogeneous semisolid human body phantom (200 mm × 270 mm × 70 mm) is modeled as illustrated in Figure 1 (c). Figure 2 shows the fabricated antenna and the measurement setup in an anechoic chamber. To measure the return loss and radiation pattern, the antenna was placed 10 mm away from the surface of the fabricated semisolid phantom, and a Styrofoam slab (ε r = 1.0) was inserted between the antenna, and the phantom for spacing.
Results and Discussion
In FCC σ ±5% margin at 403 MHz [7] FCC ε r ±5% margin at 403 MHz [7] 
Conductivity (σ) (S/m)
Measured σ of semisolid flat phantom FCC σ ±5% margin at 2.45 GHz [7] FCC ε r ±10% margin at 2.45 GHz [7] from the equivalent electrical properties (ε r = 56.7 and σ = 0.94 S/m at 450 MHz, and ε r = 52.7 and σ = 1.95 S/m at 2450 MHz) of the whole human body [7] . Figure 4 shows the return loss characteristics of the proposed antenna in free space and on the human body phantom. All the setup of the measurements and the calculations had been taken for a 50-ohm load. The measured results agreed well with the calculated results. The measured 10 dB impedance bandwidths of the antenna were 3.7% (396-411 MHz) at the MICS band and 3.7% (2398-2489 MHz) at the ISM band. In addition, the return loss property of the proposed antenna was insensitive to the existence of the human body phantom. This is because the ZOR frequency at the MICS band is insensitive to the surrounding medium [2] , and the bottom patch reduces the human body effect in the ISM band.
Figures 5(a) and 5(b) depict the simulated electric field distributions of the substrate at each resonance frequency of the proposed antenna. In Figure 5 (a), the electric field distribution is in phase by the virtue of the ENG ZOR resonance emanating from the bottom patch at 403.5 MHz. Besides, typical 180
• out of phase property, which is a general characteristic of a patch antenna, is observed in Figure 5 pattern, the maximum power was delivered toward the body at the MICS band due to the suppression caused by the top patch; therefore, the proposed repeater antenna is advantageous for communication with other implanted devices in the MICS band. In the ISM band, on the other hand, the maximum power was delivered outward from the body, which improves the communication efficiency between the repeater and an external device. In addition, the peak gains were −31.98 dBi and 0.24 dBi at 403.5 MHz and 2450 MHz, respectively. The measured SAR distributions are shown in Figure 7 . The SAR was measured at the Radio Research Agency of Korea using the ESSAY system [8] . The proposed antenna is excited by the signal generator. The input power of 250 mW, which is usually used for SAR measurements of mobile application devices, is used to measure SAR. Hot spots are observed underneath the center of the top patch where the via is located, and the maximum SAR values were 0.411 W/kg at 403.5 MHz and 0.455 W/kg at 2450 MHz. Although a high input power of 250 mW was delivered to the antenna, the maximum values of the measured SAR were still well below the regulated SAR limitation (1.6 W/kg) of the American National Standards Institute (ANSI/IEEE) for short-distance biotelemetry [9] .
Conclusion
We proposed a dual-band on-body antenna for the WBAN repeater system. The bandwidths of the proposed antenna were wide enough to cover the MICS band (402-405 MHz) and ISM band (2400-2485 MHz). Also, the resonance frequencies are stationary whether the antenna is placed in the air or on a human body phantom. In addition, the radiation pattern of the antenna is advantageous for communication with implant devices in the MICS band and external devices in the ISM band. The measured maximum SAR values were low enough to conform to the SAR limitation of the ANSI. Consequently, the proposed antenna can be a good candidate for a WBAN repeater system owing to the dualband property, the insensitivity to any human body effect, and the desirable radiation pattern.
